The protein complex composed of the kinase PIKfyve, the phosphatase FIG4 and the scaffolding protein VAC14 regulates the metabolism of phosphatidylinositol 3,5-bisphosphate, which serves as both a signaling lipid and the major precursor for phosphatidylinositol 5-phosphate.
| INTRODUCTION
Phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2) is a low abundance signaling lipid of endosomal membranes. 1 Synthesis and turnover of PtdIns (3, 5) P2 are tightly regulated by a protein complex that is composed of the kinase PIKfyve, the phosphatase FIG4 and the scaffolding protein VAC14 (thereafter called PIKfyve complex).
Importantly, the PIKfyve complex is also involved in the generation of phosphatidylinositol 5-phosphate (PtdIns(5)P), as PtdIns(3,5)P2 is the major precursor for this low abundance phosphoinositide. 2 Mutations that disrupt PIKfyve complex function and/or formation are linked with several neurological diseases that share, at the cellular levels, similar pathologies with abnormal lysosomal storage and neuronal degeneration, indicating a functional role of PtdIns (3, 5) P2 in the homeostasis of late endocytic compartments. [3] [4] [5] [6] Late endocytic compartments have long been seen as the endpoint of the degradative pathway. However, over the last decades it
Abbreviations: E/L, endolysosome; EC, enlarged compartment; EM, electron microscopy; HPF, high-pressure frozen; ILVs, intralumenal vesicles; LBPA, lysobisphosphatidic acid; LR, LysotrackerRed; Lys, lysosome; MR, MagicRed; MVE, multivesicular endosome; PtdIns(3,5)P2, phosphatidylinositol 3,5-bisphosphate; PtdIns(5)P, phosphatidylinositol 5-phosphate has become clear that late endocytic compartments exist as a dynamic equilibrium of late endosomes and lysosomes, which transiently fuse to generate a hybrid compartment called endolysosome from which lysosomes are reformed. 7 Endolysosomes are very heterogeneous in morphology and function and are the major site of lysosomal hydrolysis, whereas lysosomes are non-hydrolytic stores of acid hydrolases and are also termed terminal storage lysosomes. 8 Up to today, the molecular processes controlling this equilibrium and lysosome reformation remain poorly understood.
In this study, we have shown that PIKfyve activity is required for the reformation of terminal storage lysosomes by using state-of-theart live-cell fluorescence microscopy and electron microscopy (EM).
We identified the enlarged late endocytic compartments induced by
PIKfyve complex inhibition as acidic and hydrolase-active endolysosomes. By live-cell microscopy we found that endolysosomes still fuse homotypically and heterotypically with terminal storage lysosomes in cells deficient for PIKfyve activity. However, PIKfyve inhibition impaired lysosome reformation from endolysosomes, leading to depletion of terminal storage lysosomes and to accumulation of enlarged endolysosomes, causing severe defects in the dynamic equilibrium of late endocytic compartments and affecting late endosomal trafficking and functions.
| RESULTS AND DISCUSSION
To understand the functional role of the PIKfyve complex 9, 10 in the homeostasis of late endocytic compartments, [3] [4] [5] [6] we first characterized by immunofluorescence protein and lipid contents of the enlarged compartments induced by inhibition of PIKfyve kinase by treatment with YM201636 5 or by knocking-down PIKfyve, VAC14
and FIG4 using RNAi. YM201636 treatment as well as knock-down of the PIKfyve complex proteins caused enlargement of late endosomal and lysosomal compartments containing CD63 and LAMP1, but not EEA1 containing early endosomes (Figure S1A-C). These observations are in line with previous studies, 3, 4, 6 although more extensive PIKfyve inhibition was also reported to induce enlargement of early endosomes. 5 As observed before, knockdown of the phosphatase FIG4 resulted in the same phenotype as knockdown of the PIKfyve kinase, 2,3 which may be explained by the scaffolding function of FIG4 that regulates PIKfyve activity. 11, 12 While the protein content of the limiting membrane of these enlarged compartments was already described, little is known about their lipid and lumenal content. Late endosomes are filled with intralumenal vesicles (ILVs) that contain lysobisphosphatidic acid (LBPA) and cholesterol. 13, 14 Fluorescence microscopy revealed that enlarged compartments induced by inhibition or depletion of the PIKfyve complex contain LBPA and cholesterol in their lumen and are not empty ( Figure 1A ,B and S1D).
PIKfyve activity being also required for autophagy, 5, [15] [16] [17] [18] we performed all experiments under fed conditions to avoid induction of autophagy and we verified by immunofluorescence labeling that the enlarged compartments do not contain the autophagic marker LC3
( Figure S2A ). Moreover, we could not detect generation of autophagic structures by EM ( Figures 1H and S3A ) after inhibition of PIKfyve activity or knockdown of PIKfyve. Thus, we conclude that the enlarged compartments induced by PIKfyve inhibition are of late endosomal origin, but do not correspond to autophagic organelles.
To precisely identify which type of late endocytic organelles were controlled by PIKfyve activity, we investigated whether these enlarged compartments are hydrolytically active and acidic-2 characteristics of endolysosomes, but not of terminal storage lysosomes. 8 For this purpose Dextran coupled to an Alexa fluorophore 488 (Dex488) was internalized into endolysosomes and terminal lysosomes by 4-hour pulse and 20-hour chase. 8 Then, the cells were treated for 2 hours with the PIKfyve inhibitor YM201636 and subsequently incubated with either MagicRed (MR) or LysotrackerRed (LR) 5 minutes before imaging to probe for cathepsin B activity and acidity, respectively. We found that the enlarged compartments induced by YM201636 treatment contain Dex488, but are also positive for MR or LR, indicating that they are acidic and hydrolytic ( Figure 1C -E), which are key features of endolysosomes. 8 Interestingly, MR and LR staining was not equally distributed over the enlarged compartments, but was more concentrated in particular regions. While some of these hotspots of MR and LR staining are stationary others are highly mobile and diffuse freely within the lumen of the enlarged endolysosomes ( Figure 1F ,G and Movies S1-S2), as observed before for LR. 19 LR is a fluorescent acidotropic probe that accumulates within acidic compartments by a mechanism that is not yet completely understood, but likely involves protonation and retention in membranes. Thus, we suspect that the hotspots of LR staining correspond to multilamellar and multivesicular membrane structures that we observed within enlarged compartments by EM ( Figure 1H ). (Mean AE SEM; ≥10 cells; ≥100 organelles) *P < .05; **P < .01; ***P < .001; ns, not significant PIKfyve activity is inhibited. However, the reason for impaired accessibility still needs to be investigated.
As terminal lysosomes are reformed from endolysosomes, 7 we next wondered whether inhibition of PtdIns(3,5)P2 synthesis also affects these compartments. Using Dex488 internalization and MR or LR staining, terminal storage lysosomes, which are non-acidic and hydrolase-inactive can be distinguished from endolysosomes, as they are only Dex488-positive, but MR-or LR-negative. 8 In To better understand the role of PIKfyve in terminal storage lysosome reformation, we performed live-cell imaging of HeLa cells transfected with LAMP1-GFP that is localized to both endolysosomes and terminal storage lysosomes. Cells were treated for 2 hours with DMSO or YM201636 and then YM201636 was washed out and livecell imaging was performed 1 hour after drug washout ( Figure 3C and Movies S5-S7). In mock-treated cells LAMP1 compartments are heterogeneous in morphology and we observed round and elongated compartments, as well as compartments with emerging buds or tubules. This diversity in shape reflects the dynamic nature of the compartments (Movie S5), which is required to maintain the equilibrium between endolysosomes and terminal storage lysosomes. After YM201636 treatment the compartments became enlarged, as observed before, but were also very homogenous in shape and much less dynamic ( Figure 3C and Movie S6). Almost all compartments were round and there were only few emerging buds and tubules.
Given that terminal storage lysosome reformation is thought to require membrane budding and tubulation, [23] [24] [25] [26] this data further supports our conclusions that PtdIns(3,5)P2 is required for reformation of these compartments. After 1 hour YM201636 washout we observed that buds and tubules were emanating from the still enlarged compartments, which also became deformed ( Figure 3C and Movie S7). Time-lapse imaging showed that buds and tubules of various sizes undergo fission from the enlarged parent compartment ( Figure 3D and Movies S8-S10).
The only method that allows deciphering the fine structure and Although there is little known about the molecular machinery required for lysosome reformation, evidence suggests that mucolipin transient receptor potential channel (TRPML) family and lumenal calcium are involved. 24, 26 Interestingly, in vitro PtdIns(3,5)P2 activates TRPML1, which was suggested to regulate calcium release from lysosomes. 27 Thus, it is attractive to speculate that PtdIns Similar to a previous study, 34 we found that late endosomal dynamics and tubule formation are abrogated when TRPML1 is hyper-activated by MLSA1 treatment combined with overexpression of wild-type GFP-TRPML1, but not mutant GFP-TRPML1-D471K
( Figure 5A and Movies S19-S22), indicating that late endosomal dynamics relies on fine-tuning of TRPML1 activity.
Altogether, these data show that TRPML1 and lysosomal calcium efflux are involved in late endosomal dynamics. 34 However, TRPML1
activation or overexpression do not suffice to counteract YM201636 The discrepancy between ours and previous observations [27] [28] [29] may be explained by the fact that we are looking at short-term effects induced by pharmaceutical PIKfyve inhibition, which can be rescued in less than 4 hours, whereas previous studies looked at long-term effects by using knockout cell lines and recovery by overexpression or pharmaceutical TRPML1 activation that requires 20 hours or more.
In the present study, we showed that PIKfyve activity is required for reformation of terminal storage lysosomes by using state-of-the- between starved and fed condition may indicate a distinct downstream regulatory mechanism that still needs to be investigated.
Altogether, we conclude that PIKfyve activity is required for terminal storage lysosome reformation and thus plays an important role in maintaining the dynamic equilibrium of late endocytic compartments.
By identifying the precise step at which the PIKfyve complex is involved, these data will shed new light on the fundamental processes affected in diseases associated with impaired PIKfyve functions.
| MATERIALS AND METHODS
3.1 | Dextran and BSA internalization assays
| Dextran internalization
To internalize Dextran 10 000 MW AF488 or AF555 into late endocytic compartments, HeLa cells were pulsed with 1 mg/mL Dextran-AF488 or AF555 at 37 C for 4 hours, washed 3 times with cold medium and chased with conjugate-free medium for 20 hours at 37 C. 
| Electron microscopy
For conventional EM, HeLa cells were grown on coverslips, fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 24 h, post-fixed with 1% osmium tetroxide, dehydrated in ethanol and embedded in epon as described. 36 For high-pressure freezing HeLa cells were grown on carbonated sapphire discs (1.4 mm in diameter) and HPF using a HPM 100 (Leica Microsystems) in FBS serving as cryoprotectant. High-pressure frozen samples were transferred to an AFS (Leica Microsystems) with precooled (−90 C) anhydrous acetone containing 2% osmium tetroxide and 1% H 2 O. Freeze substitution and epon embedding was performed as described. 22 Ultrathin sections of cell monolayers were prepared with a Reichert UltracutS ultramicrotome (Leica Microsystems) and contrasted with uranyl acetate and lead citrate. All samples were examined with a FEI Tecnai Spirit electron microscope (FEI Company), and digital acquisitions were made with a numeric camera (Quemesa; Soft Imaging System). 
| Electron tomography

| Image analysis and quantification
The size and number of DextranAF488-positive compartments was measured after segmentation using Icy software. Quantification of endosomal compartments was done according to their morphology: multivesicular endosomes (MVE) were defined as compartments con- 
| Cell culture, transfections and drug treatment
HeLa cells were maintained as previously described. 37 Cells were trans- BSA conjugated to 5 nm gold particles (BSA-gold 5 nm) was from Cell
Microscopy Center (AZU, Utrecht University, Netherlands); anti-LBPA antibody 13 was described previously and was a kind gift from Jean Gruenberg (Geneva, Switzerland). 
| Other methods
Western blot was performed and quantified as described. 40 For statistical comparisons P values were determined using 2-tailed Student's t-test unequal variances. The asterisks are referring to *P < .05; **P < .01; ***P < .001; ns, not significant.
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